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SUMMARY  OF  ARO-SUPPORTED  RESEARCH 


1.  Introduction  -  Mechanisms  of  Photooxvgenation.  Two  general  mechanisms  for  the 
oxidation  of  organic  and  biological  substrates  under  the  influence  of  light,  oxygen,  and  a  sensitizer 
have  been  identified  (Scheme  1).  One  process  involves  the  absorption  of  visible  light  by  a  sensitizer 
(usually  a  dye)  with  subsequent  energy  transfer  to  ground  state  oxygen  to  produce  singlet  oxygen 
(IO2).  This  metastable  species  exhibits  high  reactivity  towards  a  variety  of  organic  substrates 
including  alkenes,  dienes,  aromatic  hydrocarbons,  and  sulfides.1  A  second  type  of  photosensitized 
oxygenation  results  from  transfer  of  an  electron  or  hydrogen  atom  in  a  direct  interaction  of  the 
excited  sensitizer  and  organic  substrate.  Reaction  of  the  radical  intermediates  with  oxygen  yields  the 


oxidation  products. 


Scheme  1 
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An  example  of  this  second  type  of  oxidation  process  is  electron-transfer  photooxygenation  with 
cyano-substituted  aromatic  sensitizers  such  as  9,10-dicyanoanthracene  (DCA).  DCA-sensitized 
oxygenations  of  alkenes,  dienes,  acetylenes,  and  sulfides  have  been  reported.2  Photooxygenations 
with  DCA  are  carried  out  in  polar  solvents  such  as  acetonitrile  using  400  nm  light.  Quenching  of 
singlet  excited  DCA  by  the  substrate  results  in  electron  transfer  and  formation  of  DCA'  and  the 
substrate  radical  cation.  Although  this  electron-transfer  process  had  been  postulated  from 
correlations  of  quenching  rate  constants  and  free  energies  of  electron  transfer^-4  and  from 
solvent-dependent  exciplex  emissions,5  the  first  direct  evidence  for  the  photochemical  generation  of 
the  DCA  radical  ion  was  provided  by  our  groupA2  The  ESR  spectrum  of  this  species  was  observed 
upon  irradiation  of  solutions  of  DCA  and  various  quenchers  in  deoxygenated  acetonitrile.  The 
spectrum  was  identical  to  that  reported  by  Brunner  and  Dorr  for  DCA"  prepared  by  metal/ammonia 


reduction.8 

The  free  energy  (AG)  involved  in  the  electron-transfer  quenching  of  jDCA*  is  given  by  the 
Weller3  equation: 

AG  =  23.06  [E(S/S+)  -  E(DCAVDCA)  -  e2o/ae  -  AE0)0] 

where  E(S+)  is  the  oxidation  potential  of  substrate,  E(DCA~/DCA)  is  the  reduction  potential  of  the 
sensitizer,  e2o/ae  is  the  energy  gained  by  bringing  the  two  radical  ions  to  encounter  distance  a  in  the 
solvent  of  dielectric  constant  e  (=  0.06  eV  in  MeCN),  and  AE00  is  the  electronic  excitation  energy 
of  DCA.  For  DCA  where  E(DCA‘/DCA)  =  -0.98  V  vs.  SCE  in  MeCN  and  AE00  =  2.89  eV,  Foote 
has  calculated  that  electron-transfer  quenching  of  JDCA*  should  be  exothermic  for  substrates  with 
oxidation  potentials  less  than  2  V  relative  to  SCE.4  Subsequent  steps  in  the  mechanism  for 
electron-transfer  photooxygenation  are:  (1)  transfer  of  an  electron  from  DCA'  to  oxygen  to  generate 
O2'  and  (2)  reaction  of  O2"  or  3C>2  with  S+  to  yield  the  peroxidic  products. 

Photooxygenations  by  the  above  process  are  limited  to  those  substrates  that  quench  the 
fluoresence  of  DCA.  However,  a  method  was  developed  by  our  group  for  the  electron-transfer 
photooxygenation  of  compounds  that  have  oxidation  potentials  greater  than  2  V  and  that 
consequently  do  not  quench  singlet  excited  DCA.9  For  example,  epoxides  that  are  unreactive  under 
standard  DCA-sensitized  conditions  can  be  readily  converted  to  the  corresponding  ozonides  in  high 
yield  by  use  of  a  non-light-absorbing  aromatic  hydrocarbon  (biphenyl,  BP)  as  a  catalyst  cr 
cosensitizer  in  conjunction  with  DCA.9'13  Other  investigators  have  subsequently  shown  that 
DCA-BP  cosensitization  can  provide  dramatically  enhanced  rates  of  photooxygenation  for  a  wide 
variety  of  substrates. 

2.  Photochemical  Conversion  of  Epoxides  to  Ozonides.  Our  ARO-supported 
research  on  photooxygenation  resulted  in  the  first  report  of  the  photochemical  conversion  of  an 
epoxide  to  an  ozonide  9  The  photooxyger.ation  of  tetraphenyloxirane  (!)  was  initially  carried  out  in 
acetonitrile  with  only  DCA  as  the  sensitizer.  Although  the  reaction  required  over  40  h  irradiation 
with  a  450-W  Hg  lamp,  ozonide  2  could  be  isolated  in  51%  yield.  The  slow  rate  of  the  reaction  was 
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not  surprising  as  1  exhibits  an  oxidation  potential  above  2  V  and  does  not  measurably  quench  the 
fluorescence  of  DCA  in  acetonitrile.  We  found,  however,  that  a  significant  enhancement  in  the  rate 
of  the  DCA-sensitized  photooxygenation  of  epoxide  1  was  observed  in  the  presence  of  biphenyl 
(BP).  Addition  of  1  x  10" 2  M  BP  to  the  reaction  solution  resulted  in  complete  conversion  of  1  in  10 
min  and  formation  of  93%  ozonide  2.  Control  experiments  showed  that:  (1)  no  oxidation  occurs  in 
the  absence  of  DCA;  (2)  BP  is  not  consumed  in  the  reaction;  (3)  ozonide  2  is  stable  to  the 
photooxygenation  conditions  and  (4)  epoxide  1  is  not  oxidized  upon  irradiation  with  a  400-W 
high-pressure  sodium  lamp  with  Rose  Bengal  in  acetonitrile,  indicating  that  1  does  not  react  with 
directly. 

Insight  into  the  mechanism  of  this  reaction  was  obtained  by  an  investigation  of  the  DCA-BP 
cosensitized  photooxygenation  of  cis-2,3-diphenyloxirane  (3a)  and  trans-2,3-diphenyloxirane 
(3b).11  We  observed  that  photooxygenation  of  3a  and  3b  gives  rise  exclusively  to  the  cis  ozonide 
4.  Authentic  samples  of  cis-  and  trans-3, 5-diphenyl-  1,2,4-trioxolane  were  obtained  from  a  mixture 
prepared  by  ozonation  of  trans-stilbene. 
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We  have  proposed  that  BP  acts  as  a  cosensitizer  in  photooxygenations  by  a  process  analogous  to 
homogeneous  redox  catalysis  for  electrode  reactions.10  Epoxides  1  and  3  do  not  quench  the 


* 

I 


ft 

i 


9 


fluorescence  of  DCA  in  MeCN  as  is  expected  for  compounds  with  oxidation  potentials  greater  than  2 
V  vs.  SCE  (trans-2,3-diphenyloxirane  (3b),  Eoxp  -  1.89  V  vs.  Ag/AgNOj  in  MeCN14;  =  2.2  V  vs. 
SCE  in  MeCN).  However,  BP  is  more  easily  oxidized  (Eoxp  =  1.90  V  vs.  SCE  in  MeCN)  than  the 
epoxides  and  therefore  quenches  !DCA*  more  efficiently  (kq  for  BP  =  3.1  x  109  M'1  s"1)  to 
generate  DCA"  and  BP4".  Although  energetically  unfavorable,  a  reversible  electron  transfer  from  the 
epoxides  to  BP+  could  generate  the  unopened  epoxide  radical  cation.  This  step  would  be  driven  by 
the  subsequent  formation  of  the  ring-opened  radical  cation  and  irreversible  reaction  with  O2"  to  yield 
the  ozonide. 

Of  additional  interest  are  the  mechanistic  implications  of  the  exclusive  formation  of  cis  ozonide  4 
from  both  epoxides  3a  and  3b.  These  results  are  not  consistent  with  a  mechanism  involving  attack 
of  O2"  on  epoxide  radical  cation  5  to  give  long-lived  biradical  or  zwitterion  intermediates.  Such 
mechanisms  would  predict  the  formation  of  a  mixture  of  isomeric  ozonides.  A  plausible  mechanism 
that  is  consistent  with  the  stereoselective  formation  of  ozonide  4  involves:  (1)  formation  of  the  most 
stable  E, E-conformation  of  epoxide  radical  cation  5  from  either  3a  or  3b;  (2)  subsequent  reduction 
of  5  by  O2"  (or  DCA")  to  yield  the  E, E-isomer  of  carbonyl  ylide  6;  and  (3)  addition  of  oxygen 
(grounded  state  or  singlet  excited)  to  6. 
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In  1984  Ohta1^  reported  that  the  DCA-sensitized  photooxygenation  of  trans- 2,3- 
bis(4-methoxyphenyI)oxirane  (7b)  in  the  absence  of  biphenyl  resulted  in  the  quantitative  formation 
of  a  single  ozonide  which  was  assigned  trans  sterochemistrv.  Our  previous  investigations  had, 
however,  shown  that  both  DCA-sensitized  and  DCA-biphenyl-cosensitized  photooxygenations  of 
dinaphthyl-  and  diphenyl-substituted  epoxides,  respectively,  lead  to  exclusive  formation  of  cis 
ozonides.  Therefore,  a  more  complete  study  of  the  photooxygenation  of  7b  and  related  epoxides  has 
been  carried  out  in  our  laboratory.1^ 

Epoxides  7a  and  7b  were  synthesized  from  the  meso-diol,  obtained  by  LAH  reduction  of 
anisoin  (Scheme  3).  Treatment  of  the  diol  with  trimethyl  orthoacetate,  followed  by  trimethylsilyl 
chloride,  and  KOH  afforded  both  7a  and  7b  in  40%  yield.  The  epoxides  were  separated  by 
recrystallization  and  flash  chromatography. 
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Oxidation  potentials  for  the  epoxides  were  estimated  from  the  irreversible  cyclic  voltammograms 
observed  in  acetonitrile  vs.  SCE:  7a  (1.27  V)  and  7b  (1.24V).  Stern-Volmer  studies  were 
conducted  in  acetonitrile  under  argon  and  gave  rate  constants  for  quenching  of  the  singlet  excited 
state  of  DCA:  J7a  (1.31  x  lO^M’1  s'1)  and  7b  (1.24  x  lO^M'1  s'1  ). 


DCA-sensitized  photooxygenations  were  conducted  with  a  1000-W  high  pressure  mercury  lamp 
with  a  CuS04-filter  solution.  The  progress  of  the  reaction  was  monitored  by  reverse-phase  HPL.C 
and  300  MHz  fH  NMR  in  CDCI3.  Photooxygenation  of  7a  and  7b  resulted  in  the  formation  of  a 


single  ozonide  8  in  83  and  89%  yields,  respectively.  A  small  amount  of  p-anisaldehyde  was  also 
formed  during  the  reactions.  NMR  analysis  of  the  reaction  at  partial  conversion  demonstrated  that 
the  epoxides  are  not  isomerized  under  these  conditions.  Treatment  of  the  ozonide  with  PhjP  resulted 
in  conversion  to  the  aldehyde  with  concomitant  formation  of  PhjPO. 


Ar  O  Ar 

Vv 

o'  '*« 

H  H 

7a 


Ar  O  H 


H  ‘Ar 

7b 


hv,  DCA 
MeCN,  02 

Ar  =  4-MeOC6H4- 


The  stereochemistry  of  the  photo-ozonide  was  established  by  comparison  of  'H  NMR  chemical 
shifts  of  8  with  samples  of  both  isomers  of  the  ozonide  (Table  1).  A  mixture  of  cis-  and  trans- 
3, 5-diphenyl- 1, 2, 4-trioxolane  (40/60)  was  prepared  by  ozonolysis  of  stilbene.  The  major  ozonide 
had  previously  been  identified  as  trans  by  Criegee17  using  chiral  chromatography.  Ozonolysis  of 
4,4’-dimethoxystilbene  also  resulted  in  a  mixture  of  stereoisomeric  ozonides  (80/20).  On  the  basis 
of  the  NMR  chemical  shifts  in  three  different  solvents,  it  seems  clear  that  photo-ozonide  8  is  cis 
rather  than  trans  as  earlier  claimed  by  Ohta.  Thus,  the  stereochemical  course  of  this 
photooxygenation  is  consistent  with  our  earlier  observations. 

Additional  mechanistic  information  concerning  this  reaction  was  provided  by  the  observation  that 
cis  epoxide  7a  could  be  photochemically  isomerized  to  trans  7b  in  the  presence  of  DCA  under 
argon.  However,  irradiation  of  7b  under  the  same  conditions  did  not  afford  any  detectable  amount 
of  7a. 
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Quantum  yields  for  the  photoreactions  were  determined  using  Aberchrome  540  as  a  chemical 
actinometer.18  Photooxygenations  of  7a  and  7b  with  DCA  in  acetonitrile  were  carried  out  to  less 
than  10%  conversion.  Quantum  yields  were  calculated  for  five  different  epoxide  concentrations 
(Tables  2  and  3).  Extrapolation  of  reciprocal  plots  of  O  vs  epoxide  concentration  gave  values  for  <J> 
at  infinite  epoxide  concentration  (Figures  1  and  2).  The  quantum  yields  for  7a  and  7b  are  in  excess 
of  unity  indicating  that  a  chain  mechanism  is  operative  in  these  photooxygenations. 

Quantum  yields  for  the  photo-isomerization  of  7a  to  7b  were  similarly  determined  (Table  4  and 
Figure  3).  Significantly,  the  limiting  quantum  yield  for  the  oxygenation  and  isomerization  are  the 
same  within  experimental  error.  These  results  suggest  that  both  processes  proceed  through  common 
pathways.  The  following  mechanism  has  been  proposed  to  account  for  these  observations  (Scheme 
4).  Singlet  excited  DCA  is  quenched  by  the  electron-rich  epoxide  7a  or  7b  with  formation  of  DCA* 
and  the  epoxide  radical  cation.  A  carbonyl  ylide  is  formed  by  electron  transfer  from  a  second 
epoxide  to  the  cation  in  a  chain  propagating  step.  In  the  absence  of  oxygen,  this  ylide  can  be  trapped 
by  a  dipolarophile  such  as  dimethyl  acetylenedicarboxylate  or  can  cyclize  to  reform  th  trans  epoxide 
in  an  allowed  electrocyclic  process.  In  the  presence  of  oxygen,  the  carbonyl  ylide  is  rapidly 
converted  to  the  ozonide.  Scheme  4 
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Figure  1 


.  Double  reciprocal  plot  of  photooxygenation  quantum  yield  vs.  epoxide 
concentration  for  7a  in  acetonitrile  (({>lim  =  10.8,  r  =  0.999). 


Table  2.  Quantum  Yields  for  the  Photooxygenation  of  7a 


TEpoxidel* 

2.15  x 

10-2 

5.96 

1.08  x 

lO-2 

2.83 

5.39  x 

10  3 

1.65 

2.69  x 

lO'3 

0.95 

1.35  x 

103 

0.50 

The  epoxide  concentrations  are  in  mole  liter1. 


l/[Epoxide] 


reported  that  1,2-dioxetanes  can  be  produced  by  electron-transfer  oxidation.^  DCA-sensitized 
photooxygenation  of  diary  1-1,4-dioxenes  rapidly  gave  the  corresponding  dioxetanes.  The  dioxetanes 
could  also  be  produced  by  a  non-photochemical  process  involving  one-electron  oxidation  of  the 
alkene  to  its  radical  cation  with  tris(p-bromophenyl)ammoniumyl  tetrafluoroborate  [Ar3N+,  BF4~], 
Subsequent  reaction  of  the  olefinic  radical  cation  with  oxygen  afforded  the  dioxetane.  The  groups  of 
Nelsen19,  Clennan20,  and  Ando21  have  now  shown  that  electrochemical  methods  can  also  be  used  to 
prepare  dioxetanes. 

We  have  recendy  discovered  new  methods  for  controlling  the  chemiluminescent  decomposition 
of  dioxetanes  22  These  processes  involve  the  chemical  or  enzymatic  conversion  of  a  highly  stable 
dioxetane  into  an  unstable  form  which  cleaves  spontaneously  to  generate  light.  Of  particular 
significance  is  the  application  of  these  novel  luminescent  compounds  to  ultrasensitive  enzyme-linked 
immunoassays  and  DNA  probes. 

In  collaboration  with  the  group  of  Professor  Curci  (University  of  Bari,  Italy),  we  have  initiated 
an  investigation  of  alternative  methods  for  the  syntheses  of  these  novel  new  dioxetanes.  High  yields 
of  dioxetanes  of  the  general  structure  10  can  be  obtained  by  electron-transfer  oxygenation  of  the 
corresponding  alkene  9  using  a  catalytic  amount  of  tris(p-bromophenyl)ammoniumyl  hexachloro- 
antimonate  in  oxygen-saturated  dichloromethane.23 

4.  Oxidation  of  Enol  Ethers  by  Metals  (VI)  Oxide  Diperoxides.  We  have  also 
demonstrated  that  the  metal  (VI)  oxodiperoxo  complexes  (Py)CrO(02)2  and  (Py)MoO(02)2  react 
with  alkenes  9  in  CHCI3  at  0  °C  under  an  inert  atmosphere  to  yield  the  corresponding  dioxetanes 
10.  18  02  labelling  studies  have  demonstrated  that  the  reaction  proceeds  by  oxygen  atom  transfer 
from  the  complex  to  the  alkene  with  formation  of  an  intermediate  epoxide  followed  by  a  second 
oxygen  transfer  to  yield  the  dioxetane.24 
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5.  Mechanism  of  Peroxidase-Catalyzed  Oxygen-Transfer  Reactions.  Peroxidases 
are  heme  proteins  that  catalyze  peroxide-dependent  oxidations  of  a  wide  variety  of  organic 
molecules.  The  catalytic  cycle  involves  two  intermediate  forms  of  the  enzyme,  compounds  I  and  II. 
The  active  species  are  able  to  effect  one  electron  oxidations  of  substrates  to  produce  free  radicals 
which  undergo  coupling,  disproportionation,  and/or  reaction  with  molecular  oxygen.25 

In  collaboration  with  Profesor  Minoru  Nakano  (Gunma  University,  Japan),  we  have  recently 
shown  that  peroxidases  such  as  horseradish  peroxidase  (HRP)  and  chloroperoxidase  (CPO)  can 
participate  in  direct  oxygen  atom  transfer  reactions  as  well  as  in  electron  exchange  processes.2^  We 
have  investigated  the  H202*dependent  mono-oxygenation  of  sulfides  to  form  sulfoxides  in  the 
presence  of  HRP  and  CPO.  Treatment  of  the  substituted  thioanisoles  1 1  with  HPO  or  CPO  in 
acteate  buffer  (pH  5)  in  the  presence  of  H2O2  gave  the  corresponding  sulfoxides  12  in  high  yields. 
Rate  constants  for  the  reactions  were  found  to  increase  in  the  order  of  the  electron-donating  ability  of 
the  substituents  (Table  5).  These  results  suggest  that  electron-transfer  processes  to  form  the  sulfide 
radical  cation  as  a  key  intermediate  are  involved.  180-labelling  studies  provided  evidence  that  direct 
oxygen  atom  transfer  to  sulfides  also  occurs  during  both  HRP-  and  CPO-catalyzed  oxygenations. 
Stereochemical  studies  with  p-methylthioanisole  and  CPO  showed  that  the  R  enantiomer  of  the 
sulfoxide  is  formed  with  12.7%  ee.  No  induction  of  optical  activity  was  observed  with  HRP. 
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Table  5.  Rate  Constants  for  HRP-  and  CPO- Dependent 
S-Oxygenation  of  Substituted  p-X-CfcFtj-S-Me 
kcatx  10*5M-Vl 


Substituent  (X) 

HRP 

CPO 

Me2CHO- 

35.5 

3.97 

MeO- 

25.4 

5.01 

MeCONH- 

10.1 

0.99 

Me- 

13.6 

3.37 

H- 

3.78 

9.14 

Cl- 

17.7 

3.72 

MeC02- 

4.87 

1.01 

NC- 

4.36 

0.32 

O2N- 

4.49 

0.19 
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